Recent studies have revealed the existence of numerous contact sites between the endoplasmic reticulum (ER) and endosomes in mammalian cells. Such contacts increase during endosome maturation and play key roles in cholesterol transfer, endosome positioning, receptor dephosphorylation, and endosome fission. At least 7 distinct contact sites between the ER and endosomes have been identified to date, which have diverse molecular compositions. Common to these contact sites is that they impose a close apposition between the ER and endosome membranes, which excludes membrane fusion while allowing the flow of molecular signals between the two membranes, in the form of enzymatic modifications, or ion, lipid, or protein transfer. Thus, ER-endosome contact sites ensure coordination of molecular activities between the two compartments while keeping their general compositions intact. Here, we review the molecular architectures and cellular functions of known ER-endosome contact sites and discuss their implications for human health.
Introduction
Endocytosis-uptake of material into the cell via inward budding of the plasma membrane-is crucial for membrane homeostasis, nutrient acquisition, and regulation of cell signalling (Conner & Schmid, 2003) . Endocytosed material is initially found in early endosomes (EEs), and from these organelles, different cargoes are sorted to distinct destinations-back to the plasma membrane (PM) (recycling), into intraluminal vesicles (ILVs) for sorting to lysosomes, or to the biosynthetic pathway (Raiborg & Stenmark, 2009; Sorkin & von Zastrow, 2009 ). Early endosomes eventually mature into late endosomes (LEs), and when these fuse with lysosomes, most of their content is degraded by lysosomal hydrolases (Huotari & Helenius, 2011) .
Several decades of work has revealed many of the components that regulate cargo sorting and endosome dynamics, including endosomal sorting complex required for transport (ESCRT) proteins that mediate cargo sorting into ILVs (Raiborg & Stenmark, 2009) , Rab GTPases that regulate endosome fusion and motility (Stenmark, 2009) , and motor proteins that power transport of endosomes along microtubules (Hirokawa & Noda, 2008) . However, a new aspect of endosome biology has emerged recently, namely the occurrence of contact sites between endosomes and the endoplasmic reticulum (ER), the major membrane system of the biosynthetic pathway (Honscher & Ungermann, 2014; van der Kant & Neefjes, 2014) (Fig 1) . Such membrane contact sites, defined as sites of close (10-30 nm) apposition between two membranes, become increasingly abundant as endosomes mature, and it has been estimated that over 99% of all LEs in a cell may form contacts with the ER (Friedman et al, 2013) . This begs the following questions: what are the molecular compositions of ER-endosome contact sites? And which are their functions? We will here highlight recent studies that shed light on these issues.
The ER makes contact sites with multiple membranes
As the most abundant membrane compartment of the cell, the ER is known to form contact sites with several other membranes, including mitochondria, the Golgi apparatus, the PM, and lipid droplets (LDs) (Fig 2) . For a detailed description of such sites, the reader is referred to other reviews (Elbaz & Schuldiner, 2011; Helle et al, 2013) as only a brief overview will be provided here.
The ER is the major Ca 2+ storage compartment of the cell, with Ca 2+ concentrations in the millimolar range, which is to be compared with the nanomolar Ca 2+ concentrations in the cytosol (Helle et al, 2013) . Because large-scale flux of Ca 2+ to the cytosol may be toxic to cells, it is logical that Ca 2+ export from the ER to other organelles occurs via membrane contact sites. The ER is also the major site of lipid biosynthesis in cells. Both cytosolic lipid transfer proteins and vesicular trafficking mediate interorganellar lipid transfer, and membrane contact sites have the advantage of providing high specificity and efficacy to such lipid transfer reactions. Indeed, many of the identified membrane contact sites between ER and other membranes are involved in either Ca 2+ or lipid transfer (Helle et al, 2013) . Several different contact sites between ER and the outer membrane of mitochondria have been well characterized at the molecular level. ER-mitochondria contact sites that mediate Ca 2+ transfer into mitochondria have been identified, and such influx is thought not only to ensure the functionality of Ca 2+ -containing mitochondrial proteins but also to play a role in the intrinsic (mitochondria-driven) apoptotic pathway (Helle et al, 2013) . ERmitochondria contact sites that mediate lipid transfer have been particularly well studied in yeast, but also mammalian cells harbour such sites. Certain lipid biosynthetic pathways require cooperations between enzyme complexes located in mitochondria and the ER, and contact site-mediated lipid transfer plays an important role in this context (Rowland & Voeltz, 2012) . Other functions for ERmitochondrial contact sites include control of mitochondrial biogenesis and fission, and biogenesis of autophagosome membranes (Friedman et al, 2011; Hamasaki et al, 2013) .
Even though there is extensive vesicle trafficking between the ER and the Golgi complex, the two compartments are also connected by membrane contact sites. An important function of such sites is to coordinate sterol transfer from the ER with back-transfer of phosphatidylinositol 4-phosphate (PtdIns4P) from the Golgi, ensuring negative feedback control of sterol transfer (Mesmin et al, 2013) . Other ER-Golgi contact sites mediate transfer of ceramide and glucosylceramide (Hanada et al, 2003; D'Angelo et al, 2007) .
Contact sites between the ER (sarcoplasmic reticulum) and the PM are very abundant in muscle cells, in which they are involved in depolarization-contraction coupling. However, two other types of ER-PM contact sites are found in a variety of cell types, one that promotes Ca 2+ influx into the ER after Ca 2+ depletion, and one that may be involved in lipid transfer (Giordano et al, 2013; Helle et al, 2013) . LDs serve as major compartments for lipid storage in a variety of cell types. Unlike other organelles, these compartments have a micellar structure with a core consisting of neutral lipid esters and a surface consisting of a phospholipid monolayer. LDs are formed from ER membranes, and contact sites between ER and LDs, which can be observed in both yeast and mammalian cells, are thought to control LD size. The composition of ER-LD contact sites has been characterized in yeast, and conservation of key components in mammalian cells suggests a similar architecture in such cells (Wang et al, 2014) .
Contact sites mediate cholesterol transfer from LEs to ER
The first ER-endosome contact site to be characterized in mammalian cells was the one formed when the integral ER protein VAP-A interacts with the peripheral late-endosomal cholesterol-binding protein ORP1L (Rocha et al, 2009) (Fig 3) . This occurs when there is little cholesterol in the endosome membrane, which leaves the cholesterol-binding domain of ORP1L unoccupied and favours a conformation that allows interaction between the FFAT (diphenylalanine in an acidic tract) motif of ORP1L and VAP-A. Two other late-endosomal proteins, STARD3/MLN64 and STARD3NL/ MENTHO, also contain FFAT motifs that enable them to interact with VAP-A to form ER-endosome contact sites (Alpy et al, 2013) (Fig 3) . STARD3 and STARD3NL can dimerize and are attached to endosomes by their cholesterol-binding transmembrane MENTAL domain . STARD3 additionally contains a steroidogenic acute regulatory-related lipid transfer (START) domain that is able to bind cholesterol and can transfer cholesterol between membranes (Kallen et al, 1998) .
In addition to de novo cholesterol synthesis, cells acquire cholesterol through receptor-mediated endocytosis of cholesterol-containing particles, mostly in the form of low density lipoprotein (LDL) particles produced by the liver (Ikonen, 2008) . Endocytosis of LDL is followed by dissociation from its receptor and hydrolysis into unesterified cholesterol by lipases in the lumen of LEs. Here, a soluble cholesterol carrier, Niemann-Pick disease type C2 (NPC2), delivers cholesterol to a membrane-associated cholesterol transporter, NPC1. Camilla Raiborg et al ER-endosome contact sites: molecular compositions and functions The EMBO Journal
As much as 30% of LE-associated cholesterol is transferred to the ER (Neufeld et al, 1996) , and ER-LE contact sites are thought to play a major role in such transfer (van der Kant & Neefjes, 2014) (Fig 3) . An integral ER membrane protein, a member of the oxysterol-binding protein-related protein (ORP) family, ORP5 (Olkkonen & Li, 2013) , which contains a cytosolic cholesterol-binding domain, forms contact sites with LEs through interaction with NPC1 (Du et al, 2011) . This is accompanied by cholesterol transfer from the LE membrane to the ER membrane, presumably mediated by shuttling of the cholesterolbinding domain of ORP5 between the two membranes (Du et al, 2011) . Despite their cholesterol-sensing ability, a direct role of ORP1L or STARD3/STARD3NL in cholesterol transport has not been demonstrated. It has been speculated that these proteins can define cholesterol-containing patches on endosomes and initiate ER-endosome contact prior to cholesterol transfer mediated by other proteins like NPC1-ORP5 (Alpy & Tomasetto, 2006; van der Kant & Neefjes, 2014) . Even though the exact functional mechanisms of the NPC1-ORP5 contact sites in cholesterol transfer still need to be characterized, a possible parallel exists in transfer of cholesterol from ER to the Golgi mediated by the VAP-A-binding Golgi ORP family member OSBP. Like ORP5, OSBP contains a sterol-binding domain, and this domain mediates transfer of cholesterol from the ER to the trans-Golgi membrane once a contact site has been formed through the interaction of the FFAT motif of OSBP with VAP-A. The binding of OSBP to the Golgi membrane is mediated by coincident detection of the small GTPase Arf1 and PtdIns4P via a PH domain (Levine & Munro, 2002) . The fact that ORP5 and ORP1L, like OSBP, contain a PH domain, raises the possibility that these proteins could also recognize a phosphoinositide in the LE membrane (Du & Yang, 2013) . Recently, a subfamily of ORP proteins, including ORP5, was shown to play a role in non vesicular transfer of phosphatidylserine from the ER to the plasma membrane, indicating that ORP proteins have additional functions other than cholesterol transfer (Maeda et al, 2013) .
The ER controls association of endosomes with the cytoskeleton
While it still remains to be established whether ORP1L plays any role in cholesterol transfer, its functions in endosome positioning and fusion are well characterized. The p150
Glued subunit of the minus-end-directed microtubule motor dynein/dynactin complex interacts with the late-endosomal Rab7-RILP complex as does the endosomal tethering and fusion complex HOPS. This mediates transport of LEs to the cell centre, where they can fuse in a HOPSdependent manner. The establishment of ER-LE contact by ORP1L and VAP under low cholesterol conditions favours a secondary interaction between VAP and the RILP-HOPS-p150 In mammalian cells, ER makes contact sites with endosomes, Golgi, mitochondria, lipid droplets, and the plasma membrane. Lysosomes and peroxisomes also establish contact sites. Examples of proteins known to mediate the contact sites in metazoans are depicted (Helle et al, 2013; Rowland et al, 2014; Chu et al, 2015; Raiborg et al, 2015) .
The EMBO Journal ER-endosome contact sites: molecular compositions and functions Camilla Raiborg et al net effect of forming ORP1L-containing ER-endosome contact sites is that only LEs devoid of dynein and HOPS remain in contact with the ER (Fig 4) .
Recently, a new VAP-A-binding protein, protrudin, was found to form ER-LE contact sites (Raiborg et al, 2015) . Like ORP1L, STARD3 and STARD3NL, protrudin contains a FFAT motif that
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Cholesterol Cholesterol The EMBO Journal ER-endosome contact sites: molecular compositions and functions Camilla Raiborg et al binds VAP-A, but in contrast to these proteins, protrudin is an integral ER membrane protein (Shirane & Nakayama, 2006) . Association of protrudin with the ER membrane is mediated by two juxtaposed membrane helices and a membrane-inserted hairpin loop, so VAP-A is not strictly needed for the ER association of this protein (Chang et al, 2013) . Protrudin forms contact sites with LEs through coincident detection of Rab7-GTP and phosphatidylinositol 3-phosphate (PtdIns3P) on the endosome membrane (Raiborg et al, 2015) (Fig 4) . At least one of the functions of such contact sites is to charge LEs with the plus-end-directed microtubule motor kinesin-1. Protrudin binds to the heavy chain of this motor and hands it over to the late-endosomal protein FYCO1, which binds kinesin-1 light chain. Like protrudin, FYCO1 binds to Rab7-GTP and PtdIns3P on the endosome membrane (Pankiv et al, 2010) , and this probably ensures that FYCO1 is present in the same endosomal microdomains as the protrudin-containing contact sites. Loading of FYCO1 with kinesin-1 promotes motility of FYCO1-containing LEs to the cell periphery where they can undergo synaptotagmin VIIdependent fusion with the plasma membrane. This in turn promotes formation of cellular protrusions or neurites (Raiborg et al, 2015) . The exact functions of the STARD3 and STARD3NL contact sites remain to be identified, but it is interesting that overexpression of STARD3 induces perinuclear clustering followed by increased formation of Arp2/3-positive actin patches on LEs, whereas its depletion causes their peripheral dispersion and loss of actin association (Holtta-Vuori et al, 2005) . Thus, STARD3 is likely to modulate late endosome positioning through regulating their association with the actin cytoskeleton. Further, overexpression of STARD3NL, which increases the number of STARD3NL-VAP contact sites, prevents tubulation of LEs (Alpy et al, 2013) , an activity that might be associated with microtubule-based motors or actin dynamics (Derivery et al, 2009; Skjeldal et al, 2012) . It is interesting to note that the function of both ORP1L and STARD3 in endosome positioning is dependent on their cholesterol-binding ability, arguing for a regulatory role of cholesterol in the association of endosomes with cytoskeletal elements (Holtta-Vuori et al, 2005; Rocha et al, 2009) .
The involvement of VAP-A in several different ER-endosome contact sites raises the question whether these sites co-localize. ORP1L-and STARD3-containing contact sites occupy distinct domains of the ER membrane (van der Kant et al, 2013b). It will be interesting to explore whether protrudin-and ORP1L-containing contact sites are formed in the same regions. It is tempting to speculate that formation of ORP1L-containing contact sites, which is associated with dynein dissociation from LEs, might be coordinated with formation of protrudin-containing contact sites, which is associated with kinesin-1 recruitment (Fig 4) . This might allow a tight spatiotemporal control of motor dissociation and loading in directional endosome motility and might explain why LEs need to recruit kinesin-1 from ER-endosome contact sites rather than from cytosol.
Dephosphorylation of endosomal receptors by an ER-associated phosphatase
Ligand-dependent dimerization and autophosphorylation of receptor tyrosine kinases is a widespread signalling mechanism in higher eukaryotes (Schlessinger, 2000) . Such signalling is known to be attenuated by protein tyrosine phosphatases that dephosphorylate activated receptors (Ostman & Bohmer, 2001) . While some of these phosphatases are cytosolic, PTP1B, which dephosphorylates several receptors including epidermal growth factor receptors (EGFRs) and granulocyte colony-stimulating factor receptors (G-CSFRs), is a peripheral membrane protein of the ER (Feldhammer et al, 2013) (Fig 5) . The seemingly paradoxical localization of PTP1B with respect to activated receptors was solved by the finding that a "substrate-trap" mutant of ER-bound PTP1B is present in contact sites with EGFR-containing multivesicular endosomes (MVEs) that are positive for the early-endosomal GTPase Rab5 (Eden et al, 2010) . Contacts formed between 
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The EMBO Journal wild-type PTP1B and activated EGFR are likely to be much more short-lived, and it is plausible that they may be stabilized by additional factors. In this respect, it is interesting to note that contacts between MVEs and the ER can be observed even when EGFRs are not ligand activated (and therefore not internalized into endosomes), indicating that additional molecules mediate ER-MVE contact sites. In a similar manner, G-CSFRs localized to early endosomes following G-CSF stimulation of cells have been found to interact with PTP1B and also with the ER-associated peroxiredoxin PRDX4 (Palande et al, 2011) . The exact function of PRDX4 in regulation of PTP1B and G-CSFR remains unresolved, but one possibility is that its antioxidant activity could serve to keep PTP1B active as it is known that PTP1B is inhibited by reactive oxygen species (ROS). Another possibility is that PRDX4 may function as a tether that stabilizes the interaction between G-CSFR and PTP1B (Palande et al, 2011) .
ER tubules define the position and timing of endosome fission
An unexpected function of ER tubules is to define sites for organelle fission. This was first described in the case of mitochondrial The EMBO Journal ER-endosome contact sites: molecular compositions and functions Camilla Raiborg et al division (Friedman et al, 2011) but has recently been demonstrated for endosome fission as well (Rowland et al, 2014) (Fig 6) . Endosomal fission is frequently observed by live-cell microscopy and is thought to play an important role in endosome maturation as well as in formation of carriers destined for recycling of endocytosed cargo to the plasma membrane (Huotari & Helenius, 2011) . Immediately prior to fission of EEs or LEs, contact sites are formed between the endosome and tubular ER elements on sites marked by the retromer-associated protein FAM-21, and overexpression of the ER-shaping protein reticulon 4 inhibits endosome fission. This suggests that ER-endosome contact sites define the position and timing of endosome fission (Rowland et al, 2014) . Interestingly, the fission products of early endosomes that have been contacted by ER tubules typically consist of one part that contains the small GTPase Rab5, whereas the other part is enriched in another small GTPase, Rab4. Rab5 is involved in anterograde endocytic trafficking, whereas Rab4 is involved in recycling (Sonnichsen et al, 2000) , suggesting that ER-endosome contact sites could indirectly mediate endosomal sorting. This, however, needs to be investigated. The molecular composition of ER-endosome contact sites involved in endosome fission is not known. It is possible that they might comprise some of the contact sites described above, but it is perhaps more likely that these contact sites have another composition. The finding that ER tubules define fission of both early and LEs raises the possibility that the endosomal moiety of the contact sites is a molecule found on both EEs and LEs. However, it is also possible that different types of contact sites might define fission of EEs and LEs. It is not known how ER-endosome contact sites function to define regions of endosome fission, but it is tempting to speculate that they serve to recruit components of the fission machinery (Rowland et al, 2014) . Further studies will hopefully shed light on this.
Components of ER-endosome contact sites are affected in diseases
If we consider the various proteins involved in formation of ERendosome contact sites, their dysfunctions have been implicated in several diseases. For instance, mutations in NPC1 and NPC2 are causative for the neurodegenerative Niemann-Pick disease, where cholesterol fails to reach the ER and accumulates in late endosomes (Mukherjee & Maxfield, 2004) . Further, expression of ORP5 has been found to correlate with invasion and poor prognosis of pancreatic cancer (Koga et al, 2008) , and expression of human ORP1L in macrophages enhances atherosclerotic lesion development in LDL receptor-deficient mice (Yan et al, 2007) . Overexpression of STARD3 induces liver damage in mice (Tichauer et al, 2007) , and increased expression of this protein in human tumours is associated with high-grade prostate cancer and HER2-positive breast cancer (Vinatzer et al, 2005; Stigliano et al, 2007) . Single-nucleotide polymorphisms of STARD3NL are associated with bone mineral density (Rivadeneira et al, 2009) . The phosphatase PTP1B has been characterized as both oncoprotein and tumour suppressor, depending on cancer type (Liu et al, 2015) , and has also been implicated in metabolic disease (Elchebly et al, 1999) . A polymorphism of protrudin is associated with hereditary spastic paraplegia, HSP (Mannan et al, 2006; Hashimoto et al, 2014) , and mutations in several protrudinbinding proteins, including KIF5A, are causative of HSPs (Reid et al, 1999) . Mutations in the associated protein Rab7 cause CharcotMarie-Tooth disease type 2B (Verhoeven et al, 2003) , and mutations in p150
Glued cause motor neuron disease and the Parkinson-related Perry syndrome, depending on the localization of the mutation (Puls et al, 2003; Farrer et al, 2009) . Even though diseases are associated with overexpression or mutations of ER-endosome contact site components, it remains to be investigated whether these can be related to contact sites as such or some other activities of the proteins involved. Given the well-documented roles of ERendosome contact sites in crucial cellular functions, one would anyway expect them to play important roles in human health.
Conclusions and perspectives
Recent research has revealed the existence of multiple different ERendosome contact sites with diverse functions. Although we cannot pinpoint any universal structural determinant that distinguishes such contact sites, some features can be identified that are common to several types of ER-endosome contact sites. Firstly, several of the (Elbaz & Schuldiner, 2011; Stefan et al, 2011; Giordano et al, 2013; Helle et al, 2013; Mesmin et al, 2013) , so the same principal mechanisms could be employed in several types of membrane contact sites. The known functions of ER-endosome contact sites include endosome positioning, cholesterol transfer, receptor dephosphorylation, endosome fission, and negative control of endosome fusion, and there are also good arguments for a role of ER-endosome contact sites in Ca 2+ transfer (van der Kant & Neefjes, 2014) . The functional repertoire of ER-endosome contact sites is likely to expand as new contact sites are identified (Table 1) . At the same time, it will be important to characterize the compositions of known contact sites in more detail. With the exception of contact sites that define endosome fission, the core components of known ERendosome contact sites have been identified, but this does not exclude the possibility that further molecules are involved and we do not know the exact structural organizations of the various contact sites. We also know very little about the dynamics of ERendosome contact site formation and turnover and how such dynamics are regulated. In the case of PTP1B-containing contact sites, it is reasonable to assume that contact sites are negatively regulated by receptor dephosphorylation since a substrate-trap mutant of PTP1B causes excessive contact site formation (Eden et al, 2010) . Likewise, protrudin-containing contact sites are likely to be regulated by the GTPase activity of Rab7 since protrudin only binds to the GTP-bound form of Rab7 and since expression of a GTPase-defective mutant of Rab7 increases the number of contact sites (Raiborg et al, 2015) . Phosphoinositide-dependent contact sites might also be regulated by phosphoinositide phosphorylation or dephosphorylation.
We have witnessed the opening of an exciting new field in cell biology, and many major questions remain to be addressed. Do the handful of ER-endosome contact sites identified to date represent the full complement of such contact sites, or are they just the tip of the iceberg? Are there additional components involved in the identified ER-endosome contact sites? Which are their structural organizations? Are there additional functions of ER-endosome contact sites to be discovered? How are their dynamics regulated, and is there crosstalk between different contact sites? Are defective ER-endosome contact sites causative of diseases? Addressing these questions will require combined approaches in molecular cell biology, cellular imaging, biochemistry, structural biology, and molecular medicine. The fast progress made in this young research field during a relatively narrow time span suggests that we can anticipate new insight in the near future.
